DNA origami allows for the synthesis of nanoscale structures and machines with nanometre precision and high yields. Tubular DNA origami nanostructures are particularly useful because their geometry facilitates a variety of applications including nanoparticle encapsulation, the construction of artificial membrane pores and as structural scaffolds that can spatially arrange nanoparticles in circular, linear and helical arrays. Here we report a simple computational approach that determines minimallystrained DNA staple crossover locations for arbitrary nanotube internal angles. We apply the method in the design and synthesis of radially symmetric DNA origami nanotubes with arbitrary diameters and DNA helix stoichiometries. These include regular nanotubes where the wall of the structure is composed of a single layer of DNA helices, as well as those with a thicker pleated wall structure that have a greater rigidity and allow for continuously adjustable diameters and distances between parallel helices. We also introduce a DNA origami staple strand routing that incorporates both antiparallel and parallel crossovers and demonstrate its application to further rigidify pleated DNA nanotubes.
INTRODUCTION
DNA nanotechnology utilizes the well-known structural properties and complementary base-pairing rules of DNA (1) for the self-assembly of rationally designed nanoscale structures and machines (2) (3) (4) (5) (6) (7) (8) .
DNA strands at specific sites on these structures can be functionalized to selectively bind to small molecules such as nanoparticles, dyes and proteins to control their spatial organization at resolutions well below 10 nm (9) (10) (11) . Thus, DNA nanostructures are suitable for a broad range of applications. For example, metallic nanoparticles can be spatially arranged to construct DNA-based plasmonic architectures (12) (13) (14) for fluorescence enhancement (15) or surface enhanced Raman scattering (16) (17) (18) , which can be used as highly sensitive molecular sensors (19) (20) (21) . In addition, immobilization of biomolecules allows for the construction of multi-enzyme complexes (22) (23) (24) (25) (26) , as well as the control of biomolecular assembly (27) (28) (29) (30) and cellular processes (31) (32) (33) .
Tubular DNA structures have properties that make them particularly useful (34) . Their hollow structure can be used to construct biomimetic membrane channels (30, (35) (36) (37) , to encapsulate proteins for multi-enzyme bioreactors (24, 25) or to selectively deliver cargo to, and mediate the activity of specific cell types (32, 38) . DNA nanotubes have greater structural rigidity than single DNA duplexes (39) . This makes them suitable for such applications as the alignment of proteins in solution for nuclear magnetic resonance spectroscopy (40) , the construction of molecular barcodes for calibration of super-resolution microscopy methods (41, 42) , or for scaffolding extended linear arrays of metallic nanoparticles (43) (44) (45) , which is useful for the bottom-up construction of nanowires (46, 47) . In addition, nanotubes can organize nanoparticles into circular and helical arrays, which can be used to construct plasmonic nanostructures (48, 49) with distinct optical resonances that depend on their chirality (12) .
DNA nanotubes with defined diameters can be synthesized from repeating arrays of short DNA motifs (50) (51) (52) (53) . The length of these nanotubes cannot be controlled however, and each site on the nanotube is not uniquely addressable. To create nanotubes with fixed dimensions and full addressability, the DNA origami method can be used (4) . This involves folding a long single-stranded DNA 'template' into a desired structure by hybridization to many shorter 'staple' strands, forming arrays of doublestranded DNA helices linked by crossovers, which are junctions in which staple or template strands cross from one helix to another ( Figure 1A) . A canonical DNA origami rectangle consists of a parallel array of DNA helices through which the template strand weaves back and forth in opposite directions on adjacent helices ( Figure 1B ). This means that structures tend to consist of an even number of helices to avoid long sections of unpaired bases. Nanotubes can typically be constructed in one of two configurations; by bending the DNA helices and arranging them in coaxial or helical arrays (6, 54, 55) , or by incorporating additional staple crossovers linking the first and the last helix of a rectangle to arrange them in parallel arrays (48, 49) . The latter configuration can be thought of as the 'rolling up' of a DNA origami rectangle along an axis parallel to the DNA helices, forming a hollow cylinder with walls the thickness of a single layer of DNA helices ( Figure 1C ). As with the rectangle, each adjacent helix is antiparallel and the nanotube has an even number of helices. If the staples and crossovers that connect the rectangle's helices together are arranged in a repeating array, the resulting nanotube will have radial symmetry. This configuration allows for a discreet set of possible nanotube diameters that are dependent on the number of helices in the DNA origami rectangle.
To define the exterior and interior surfaces of the nanotube, it is useful to rationally control the internal angle between adjacent helices (49) ( Figure 1D ). This can be done by altering the periodicity of these crossovers, according to:
where X p is the crossover periodicity, θ i is the internal angle between any three sequential helices and D p is the periodicity of a DNA duplex, approximately 10.5 base-pairs (bp) per turn (4, 56, 57) . For a regular DNA nanotube with n helices, θ i is the internal angle of a regular polygon with n sides:
and hence by substitution, the crossover periodicity for a DNA nanotube with n helices can be defined as (58) :
For example, a hexagonal nanotube with an internal angle of 120° has a crossover periodicity of 3.5, which can be achieved by locating staple crossovers every 7 bp or some multiple thereof (5) . Since the ends of staple crossovers cannot physically occur in between base pairs, crossovers need to be positioned at an integer multiple of the crossover periodicity. However, in practice, there are few n for which the desired crossover periodicity is a multiple of a low integer number of base pairs (58) . This is required to ensure sufficient crossovers to construct a well-formed nanotube. To create arbitrary nhelix nanotubes with minimal strain, crossovers can be incorporated at multiple periodicities, where the global internal angle is a consequence of the average of all crossover periodicities (49) . This inevitably requires that some crossovers will occur at locations where the unstrained location of proximal DNA bases on adjacent helices do not align with the geometry of a crossover. Subsequently, the DNA must twist or bend to accommodate the crossover resulting in a strained structure.
Determining the crossover locations that achieve both the desired periodicity and minimal strain is a key challenge for DNA nanostructure design (6) . The solution depends not only on the desired internal angle, but also the relative orientation around and translation along the axis of each individual helix.
Here we address the challenge of designing DNA origami nanotubes with an empirical approach that readily identifies minimally-strained crossover locations for nanotubes with arbitrary internal angles.
The approach is applied to the design and synthesis of a regular rolled-rectangle nanotube, and for DNA origami nanotubes with a pleated wall structure similar to those conceptualized theoretically (58) . The latter design allows for nanotubes with an arbitrary and continuous set of diameters and interhelical spacing, and multi-layer DNA origami walls providing additional rigidity over single-layer walls, which lack structural rigidity (57) . Finally, we present a new staple routing that adds further rigidity, provides additional control over the dimensions of the pleated nanotube and which is generally applicable to other DNA nanostructures.
MATERIAL AND METHODS
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Calculation of predicted nanotube geometry. The predicted outer diameters of the nanotubes were determined by: Transmission electron microscopy. DNA origami nanotubes were purified using PEG precipitation (60) and drop cast onto carbon/formvar coated copper grids and given 4 minutes to adsorb. Excess sample was wicked off using filter paper. A drop of 2% aqueous uranyl acetate was then applied to 5 the grid and immediately wicked off using filter paper. Grids were dried overnight or until imaging.
Imaging was performed on a Tecnai G2 20 Transmission Electron Microscope (FEI) in bright field mode at 200 kV. Images were analyzed in ImageJ (62) . Histograms were created in Wolfram Mathematica version 11.2. Particle averages of TEM micrographs were obtained using Relion (63) .
Cryo-electron microscopy. DNA origami nanotubes were imaged with cryo-EM with one of two different conditions. In the first, 4µL of PEG-precipitation purified DNA origami were applied on glow- 
RESULTS AND DISCUSSION
We developed an empirical approach for the design of minimally-strained DNA origami nanotubes with an arbitrary even number n of helices and n/2 radial symmetry. The approach computationally searches for optimum locations for staple strand crossovers along the length of a geometric model of the nanotube and for template strand crossovers at either end of the nanotube. For the templatestrand crossovers, a strain score is calculated as the sum of the squared difference between measured and ideal distances (0.68 nm) between the nucleoside C3' carbon atoms at crossover locations ( Figure S1A ). Since staple crossovers occur in pairs that reciprocate at each crossover location, distances between two successive bases on each helix must be accounted for ( Figure 1A and B). The midpoint between successive C3' carbon atoms is known as the nucleoside end midpoint (NEMid) (58) and the strain score at staple crossovers was defined as the sum of the squared difference between measured and ideal inter-NEMid distances ( Figure S1B and C). The total nanotube strain score is the sum of the strain scores from all staple and template strand crossovers.
The search locates staple crossovers approximately every 1.5 turns of the DNA helix where the exact crossover periodicity is dependent on the desired internal angle (see Supplementary Note 1). This allows for staples to adopt the canonical S-shape where each staple crosses-over between three 6 adjacent helices ( Figure 1B ). This design reduces the probability of poorly incorporated staples from kinetic traps (58) and ensures that nanotubes have a high density of crossovers for structural integrity.
Consequently, the length of the nanotube can only be incremented in discreet 'length units' of approximately three turns of a DNA helix, within which each helix has two staple crossovers, one to each neighbouring helix, and two sets of staples running in opposite directions around the nanotube ( Figure 1B) .
The overall strain and position of staple crossovers depends on the relative rotation of each DNA helix around its helical axis. Thus, to design a nanotube with the desired even number of n DNA helices, the internal angle is fixed according to equation (2) and the search is carried out for all possible rotational orientations of the helices. The approach thus yields the minimally-strained crossover locations for the synthesis of radially-symmetric nanotubes with an arbitrary number of helices and a defined internal angle. Since the DNA nanotube has n/2 radial symmetry, all crossover locations in the structure can be found by locating the best crossovers between one DNA helix (helix β) and its two neighbours (helix α and helix α+1) ( Figure 1D ). This is because for any given internal angle, helix α is symmetrically equivalent to helix α+1, therefore the crossover locations between helix α and helix β also defines the crossover locations between helix α+1 and helix β+1. Similarly, to identify the minimally-strained nanotube design, it is only necessary to search the possible rotational arrangements of helix α and helix β ( Figure 1E ).
2D heat maps of strain scores for all θ α and θ β for a range of nanotube sizes from 6-to 96-helix nanotubes as well as for a flat sheet are shown in Figure S2 . All structures have θ α and θ β angles that predict a high degree of strain as well as wide plateaus of 'allowable' angles where the predicted strain is relatively low. Within this plateau the set of crossover locations that result in a minimallystrained structure can be identified. Each DNA origami structure also has two continuous sets of scores each associated with a different direction around which the template strand threads through the nanotube. Sharp lines in heat maps mark the θ α and θ β angles at which the lowest scoring structure switches between these two template directions. For a flat sheet, scores for either template direction are equivalent because without curvature the sheet is symmetrical and template routing in either direction results in the same structure. However, with increasing internal angle, there is an increasing preference for one template strand direction over the other. This is because structures where minor grooves tend to occur closer to the inner surface of the nanotube more easily satisfy the geometric constraints of crossovers.
Design, synthesis and characterization of regular nanotube.
The search algorithm was used to design and synthesize a minimally-strained regular 20-helix nanotube with a defined inside and outside surface (Figure 2A Nanotubes were characterized with transmission electron microscopy (TEM), atomic force microscopy (AFM) and cryo-electron microscopy (cryo-EM) ( Figure 2C; Supplementary Figure S3 ). With all imaging methods, the nanotubes appeared mostly as uniform rectangular structures whose lengths (TEM = 118.1 ± 2.0 nm, cryo-EM = 118.4 ± 2.9 nm, AFM = 121.1 ± 7.6 nm) ( Figure 2E ; Figure S3 ), which likely results from affinity to the surface and mechanical compression by the AFM tip (49, 57) . This interaction also likely contributed to the higher ratio of structures which appear to have split and unrolled in AFM (13.2%) as compared to those seen in TEM (5.3%) micrographs (49) . A smaller proportion of structures appeared to be creased or deformed (2.2%) in TEM micrographs ( Figure 2C and D). These were not seen in AFM or cryo-EM micrographs and may be associated with TEM staining.
Design, synthesis and characterization of pleated nanotubes.
One benefit of this empirical approach to locating staple and template strand crossover locations is in the ease of its use for the design of more complicated nanotube structures. For example, the internal angle can be arbitrarily set to any value that doesn't result in helices sterically clashing. The maximum internal angle is defined by equation (2) and represents a special case for creating a regular polygonal nanotube, whereas any other internal angle should result in nanotubes where helices form a zig-zag or "pleated" wall ( Figure 3A ) (58) . This pleated design offers several benefits over a nonpleated structure. Firstly, the distance between every second helix can be set arbitrarily from a maximum of ~6 nm in a flat sheet where θ i = 180° to a minimum of ~3 nm, where θ i = 60° and helices α, β and α+1 form an equilateral triangle. By altering θ i , nanotubes with arbitrary diameters can also be synthesized. Secondly, this pleated arrangement creates an internal ring of parallel helices where the template strand runs in the same direction and can occur in both even and odd symmetries. One possible application for these nanotubes is to construct scaffolds for the spatial arrangement of nanoparticles or biological molecules in ring-like arrays (28) , and so the ability to create oddnumbered but symmetrical arrays with adjustable diameters could prove very useful. A third advantage of this pleated design is that nanotubes will have a thicker two-helix wall, which should result in increased structural rigidity. When θ i = 60° a nanotube structure should be at its most rigid, as the inner helices of the nanotube will be in close proximity and hence have a more restricted range of motion.
We altered the algorithm to allow for the design of arbitrary internal angles and used the approach to design several pleated nanotubes with an internal angle of 60°. Strain score heat maps for pleated nanotubes with a range of diameters is shown in Figure S4 . We synthesized minimally-strained 10-, 36-and 52-helix pleated DNA origami nanotubes. Since the same template strand was used for all designs (M13mp18, 7249 nucleotides), the lengths of the nanotubes correlated inversely with the number of helices around the circumference. The relative stability of nanotubes was assessed with AFM ( Supplementary Figure S5A and B) . The regular 20-helix nanotube was the most resilient to unrolling by AFM (13.2% unrolled) followed by the 36-helix (26.4%) and 52-helix (33.6%) pleated nanotubes. We attribute this to the lower number of crossover strands along the length of the shorter nanotubes. The 10-helix nanotubes tended to be physically displaced by the AFM tip, which made their shape difficult to assess (data not shown). In TEM micrographs, 10-helix pleated nanotubes appear as thin filamentous structures whose length and width corresponded to their design ( Figure   3B ). 36-and 52-helix pleated nanotubes appeared as rectangles with visible striations along their lengths, which matched the predicted lengths ( Figure 3C and D) . The 36-helix nanotubes were noticeably wider at their ends, giving the nanotubes an "hourglass" shape. This may be due to a global chirality in the nanotube caused by crossover periodicity that is not aligned with that of a DNA helix (4, 49, 57) . Both the 36-and 52-helix pleated nanotubes were larger than their predicted diameters suggesting that pleated nanotubes are also somewhat flattened on the TEM grid ( Figure   3C and D; Supplementary Table S1 ).
We also imaged the pleated DNA nanotubes with cryo-EM to measure their dimensions in solution.
To avoid any surface effects, only nanotubes that were free from the carbon support of the cryo-EM grid were measured, although many nanotubes were associated with these supports (Supplementary Figure S6 ). The width of the 36-helix pleated nanotube was consistent with the predicted diameter, whereas the 52-helix pleated nanotube was on average 25% wider ( Supplementary Table S1 ). The shorter aspect ratio of the pleated nanotubes also allowed some to be visualized end-on, with the nanotube axis perpendicular to the imaging plane. These end-on images allowed direct measurement of the nanotube's circumference, as well as visualization of the pleated geometry ( Figure 3C Figure   S6 ). The diameter of the 36-helix nanotube calculated from circumference measurements was consistent with the measured widths of the same structures, but the measured circumferences of the 52-helix nanotubes yielded diameters smaller than the measured widths ( Supplementary Table S1 ).
This difference may be explained by the thin vitreous ice sheet in which nanotubes were frozen for cryo-EM experiments. Since the thickness of this sheet is comparable to the diameter of the 52-helix pleated nanotube, it is possible that surface effects at the air-water interface resulted in these nanotubes being compressed. Notably, the diameter of the 52-helix pleated nanotube was by all measurements substantially wider than predicted. We suggest that this is due to electrostatic repulsion between tightly-packed helices of the pleated nanotubes resulting in internal angles greater than 60° and an expansion in the nanotube diameter ( Figure 4A and B) .
Design and implementation of an antiparallel-parallel-antiparallel staple
To further rigidify the structure and constrain the widening of the diameter from electrostatic repulsion between adjacent DNA helices, we implemented a new staple configuration that allows for staple crossovers to occur between all DNA helices in a three-helix bundle. Canonical DNA origami staples in a flat sheet tend to adopt an S-shape as they traverse three sequential helices (4) . This is because the template strand runs in opposite directions on adjacent helices, and so staples linking these helices must also change direction at the crossovers ( Figure 4C) . In contrast, DNA helices in the wall of a pleated nanotube occur in a triangular arrangement where the inner wall of the nanotube is formed by adjacent parallel DNA helices, between which standard antiparallel crossovers do not occur. Nanotube expansion from electrostatic repulsion between inner helices is restrained only by the torsional stiffness of DNA. We therefore introduced a new staple configuration that adopts a "figure 8" shape and forms a single parallel crossover between inner helices in addition to the antiparallel crossovers. Parallel crossovers have previously been shown to be effective in creating DNA origami structures with unidirectional template strand arrangement and in controlling the orientation of DNA origami structures linked by hybridizing staple extensions (64, 65) . When incorporated into a pleated nanotube, the staple's path can be described by following its route from the 5' to 3' end. The path begins on the outer helix, where it routes via an antiparallel crossover to a neighbouring inner helix, a parallel crossover to a second inner helix and finally via another antiparallel crossover back to the original outer helix ( Figure 4D ). For this reason, we call the new type of staple the antiparallel-parallel-antiparallel (APA) staple. The APA staple is suitable for use in pleated nanotubes with an internal angle of 60° and for other DNA nanostructures comprised of threehelix bundles. Here we demonstrate its application in pleated DNA origami nanotubes. By linking the helices on the inner surface of the ring, the APA staple should reduce the expansion of the nanotube diameter from electrostatic repulsion resulting in a more rigid structure that more closely matches its design.
APA staples were incorporated into the 36-and 52-helix pleated nanotube designs. Locations for the parallel crossovers on adjacent inner helices were chosen by selecting pairs of C3' carbon atoms whose distance most closely matched the ideal distance. Examination of these parallel crossover locations revealed three important design considerations for the incorporation of APA staples into pleated nanotubes. Firstly, in order to provide enough base-pairs (> 7) on either side of the parallel crossover for adequate stability, the distance between crossovers had to be increased by a full turn in half of the staples. This reduces the overall number of crossovers and results in a shorter set of staples running in one direction around the nanotube and a longer set running in the opposite direction ( Figure 4D ). This extra turn had been included in the design of the non-APA-stapled 36-and 52-helix nanotubes so that the effect of the APA staple could be assessed independently of crossover density. The second design consideration was that the routing of APA staples makes them susceptible to form kinetically-trapped configurations that prevent their proper incorporation into the origami structure. This is especially true for the long APA staples, in which tight binding (more than 10 bp) of the 3' and 5' ends of the staple to the outer helix may prevent the rest of the staple from weaving around the inner helices of the origami structure (Supplementary Figure S8 ). To prevent this in the pleated nanotubes, long APA staples were shortened at their 3' and 5' ends to reduce their affinity to the β-helix thereby reducing the likelihood of forming a kinetic trap. An additional short DNA strand was used to bind to the resulting unpaired bases in the template strand. Third, for the crossovers to maintain n/2 symmetry, the staple routing must be identical in every second helix.
However, by also satisfying the constraint for crossovers to occur at optimal locations, the search algorithm can construct a physically impossible design where adjacent APA staples overlap or bind to the same template bases (Supplementary Figure S9) . As a practical solution to this, parallel crossovers were staggered between every second pair of helices resulting in staple routing with n/4 rotational symmetry.
We synthesized the 36-and 52-helix pleated nanotubes with APA staples by replacing half of the short regular staples and half of the long regular staples with APA staples as illustrated in Figure 4 . In measurements taken from cryo-EM images, widths of pleated nanotubes with APA staples were less than nanotubes without APA staples ( Figure 5A ; Supplementary Figures S6 and S7) , indicating that the APA staple reduces the expansion of nanotubes from the electrostatic repulsion between helices.
This was also evident in nanotube width measurements in both TEM ( Figure 5B ) and AFM (Supplementary Figure S5) . The APA staple also appeared to make the 36-helix pleated nanotube more rigid and resilient to flattening. This was evident in the both the TEM and AFM micrographs. In the TEM images, the width of APA-stapled nanotubes appeared not only narrower than the non-APAstapled nanotubes ( Figure 5B ), but had more prominent walls and more easily accumulated stain in the centre of the nanotube ( Figure 5C ). Both are indicative of a more raised and hollow structure. In addition, AFM micrographs show that well-formed 36-helix nanotubes with APA staples had a more uniform and greater height compared with nanotubes without APA staples (Supplementary Figure   S5A and B). This demonstrates that APA-stapled nanotubes were also more resilient to flattening from the AFM tip. However, these nanotubes were also more susceptible to breaking, with 37.6% of APA-stapled 36-helix nanotubes appearing as unrolled structures when imaged with AFM. Consistent with this are images of APA-stapled 52-helix pleated nanotubes, where 73% of nanotubes appeared unrolled when imaged with AFM and 56% appeared to have split in TEM micrographs ( Figure 5B ).
End-on images of these nanotubes that adsorbed to the carbon support of the cryo-EM grid illustrate how these split nanotubes form a 'scroll-like' structure with higher curvature (Supplementary Figure   S7E ). Thus, while the APA staples do rigidify pleated nanotubes and allow for better control of their diameter, APA staples also appear to contribute additional strain on the nanotubes that makes them more susceptible to splitting.
One reason for the additional strain may be because the distance between C3' carbon atoms at parallel crossovers was substantially larger than the ideal distance. This would result in strain at these crossovers and hence potential bending, twisting or shearing of the helices, or even the breaking of hydrogen bonds at adjacent base-pairings. Therefore, to alleviate this additional strain and make APA-stapled nanotubes less susceptible to splitting, we incorporated a single additional thymine base at the parallel crossover location in all APA staples ( Figure 4E; Supplementary Figure S10 ). The incorporation of this "APA1t" staple lowered the proportion of unrolled 36-helix nanotubes visualized with AFM (21.4%) to be similar to the proportions of unrolled structures seen in nanotubes without APA staples ( Figure 5D ). Moreover, there were substantially fewer split 52-helix nanotubes (33%)
with APA1t staples compared to those with APA staples, when seen in TEM images. Additionally, for both the 36-and 52-helix nanotubes, the incorporation of the APA1t staple did not significantly change the measured cross-sectional widths when compared with APA-stapled nanotubes. This was seen both in solution ( Figure 5A; Supplementary Figure S8 ) and on the TEM grid surface ( Figure 5C ; Supplementary Table S1 ). These data confirm that the addition of a thymine base at the parallel crossover in APA staples can reduce strain-induced breakages without affecting the average geometry of the structure. Moreover, we suggest that the incorporation of additional thymine bases at the parallel crossover could provide a means to finely tune the internal angle and hence the diameter of pleated DNA origami nanotubes.
Here we report a simple algorithm that comprehensively searches the design space and provides the ideal crossover locations for the construction of minimally-strained DNA origami nanotubes. This provides a facile approach for the construction of nanotubes with an arbitrary even number of helices as well as the construction of nanotubes with a pleated wall. Pleated nanotubes reduce the flexibility inherent in single-layered origami structures, allow for a continuous range of nanotube diameters and interhelical distances between parallel helices, which we demonstrate can be arranged side-by-side.
Characterization of pleated nanotubes revealed that these were subject to expansion from electrostatic repulsion between adjacent parallel helices because typical DNA origami staples do not crossover between parallel helices. We therefore also introduce a new staple routing, which we have named the APA staple, which includes a crossover between parallel helices. The APA staple prevents nanotube expansion allowing the construction of pleated nanotubes that closely fit their design.
Moreover, by incorporating additional thymine bases at the crossover location, APA staples provide a simple mechanism to tune the diameter of the nanotube by replacing only a small subset of DNA staples. Combined these findings provide an accessible approach for the design and synthesis of DNA origami nanotubes and increase the design space to allow for a continuous range of interhelical angles, diameters and interhelical spacing between arbitrary numbers of radially symmetric parallel helices. Figure S3 . 
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